In a review of cerebral metabolism and function in man, Kety (1950) reported that one subject, who demonstrated marked apprehension during a test situation, had an unusually high cerebral metabolic rate for oxygen (CMR02), 5.0 ml O2 100 g-l min-I, as compared to his normal range of 3.2-4.2 ml O2 100 g-I min-I. Kety suggested that anxiety, or psychic stress, can increase brain metabolism. A recent study in man also indicates that pain-induced stress significantly increases blood flow in gray matter by about 10%, particularly in the frontal lobes (lngvar et aI., 1976).
In a review of cerebral metabolism and function in man, Kety (1950) reported that one subject, who demonstrated marked apprehension during a test situation, had an unusually high cerebral metabolic rate for oxygen (CMR02), 5.0 ml O2 100 g-l min-I, as compared to his normal range of 3.2-4.2 ml O2 100 g-I min-I. Kety suggested that anxiety, or psychic stress, can increase brain metabolism. A recent study in man also indicates that pain-induced stress significantly increases blood flow in gray matter by about 10%, particularly in the frontal lobes (lngvar et aI., 1976) .
These clinical observations appear to be sup ported by recent findings in rats. Immobilization for 5 -30 min (conscious rats were artificially ventilated while paralyzed by a muscle relaxant) increases both CMR02 and cerebral blood flow (CBF) up to twofold (Carlsson et aI., 1975 (Carlsson et aI., , 1977 . These cerebral effects in rats are ascribed to the f3-adrenergic re ceptor action of catecholamines, particularly epi-nephrine, that are released into the circulation, and they can be prevented by prior adrenalectomy or administration of propranolol (a blocker of {3-adrenergic receptors) (Abdul-Rahman et aI., 1979; Dahlgren et aI., 1980) .
In normotensive animals or man, however, the reported effects of systemically administered epi nephrine on CMR02 and CBF are inconsistent and often negligible (Sensenbach et aI., 1953; Sokoloff, 1959; Edvinsson and MacKenzie, 1977) . Some studies in man do show, however, that intravenous infusion of epinephrine increases CBF by about 20% in association with a pressor response (King et aI., 1952; Sokoloff, 1959) . In one human subject, furthermore, epinephrine infusion produced marked anxiety while increasing CMR02 and CBF, which would appear to support the conclusion that psychic stress can augment brain metabolism through re lease of systemic epinephrine (Kety, 1950; King et aI., 1952; Carlsson et aI., 1975 Carlsson et aI., , 1977 .
There is an inconsistency between experiments showing that stress stimulates brain metabolism and increases CBF in the absence of statistically signifi cant hypertension (which could damage the blood-brain barrier and stimulate cerebral metabolism) (Carlsson et aI., 1975 (Carlsson et aI., , 1977 Rapoport, 1976; Dahlgren et aI., 1980; Rapoport et aI., 1980) , and the reported variable effects of systemic catechol amines on CBF (King et aI., 1952; Sensenbach et aI., 1953; Sokoloff, 1959; Edvinsson and MacKen zie, 1977) . It therefore appeared of interest to reex amine the effect of immobilization stress on CBF in the rat, when CBF was measured in specific brain regions rather than over the whole brain (Carlsson et aI., 1975 (Carlsson et aI., , 1977 Sakurada et aI., 1978; Ohno et aI., 1979) .
METHODS
Regional cerebral blood flow (rCBF) was deter mined with [14C]iodoantipyrine (Sakurada et aI., 1978; Ohno et aI., 1979) . Male rats (Wistar-Kyoto strain) from Taconic Farms (Germantown, N.Y.) weighing 350-450 g and 10-12 months old were anesthetized with 35 mg kg-I, i.p. sodium pentobar bital or by ether inhalation. Two anesthetics were examined to ascertain that there were no long-term effects of a specific anesthetic when blood flow was measured 6 h after administration of anesthesia (see below).
Polyethylene catheters containing 100 IV heparin and 0.009 g NaCUml were implanted into the right femoral artery and vein. The skin at the implant was sutured and infiltrated with 2% butacaine sulfate (Abbott Laboratories, N. Chicago, 111.). The hindquarters of control animals were wrapped in a body stocking and a fast-setting plaster bandage (Johnson and Johnson, New Brunswick, N.J.) , with hindlimbs and catheters protruding, after which the bandage was tied down on a lead block. The animals were allowed to recover from anesthesia for 6 hr. In their harness, the conscious rats could freely move their forequarters and head and neck, could drink water freely, and appeared comfortable.
Animals that were to be stressed were allowed to recover from anesthesia in a cage, after the right leg was bandaged to prevent removal of the catheter. After 6 hr, the rats were placed prone on a frame and their four extremities were extended and tied down (Chiueh and Kopin, 1978 ) (see Acknowledg ment). The animals struggled when on the frame, where they were kept either for 5 or 15 min, when rCBF was measured.
Immediately before rCBF was measured in either control or experimental animals, the femoral artery catheter was connected to a strain gauge (Statham
Instruments Co., Oxnard, Calif.), which led to a chart recorder so as to record blood pressure and heart rate. In addition, a sample of arterial blood was removed for later determination of P a 0 2, P aC02, and pH (pH-Blood Gas Analyzer, no. 213, In strumentation Laboratories, Lexington, Mass.).
rCBF was determined by infusing, into the catheterized femoral vein, an isotonic saline solu tion containing 10 f.LCi ml-I of [14C]iodoantipyrine (sp. act., 50 mCi/mmol; New England Nuclear, Boston). The purity of the tracer was confirmed by thin-layer chromatography on silica gel paper, when the solvent system was a 7:3 (v/v) mixture of ethyl acetate and benzene. Infusion was carried out for 45 s at a rate of 1.0 ml min-1 by means of a constant flow pump (model no. 2681, Harvard Apparatus Co., Millis, Mass.). Periodically during infusion, 20 f.L1 samples of arterial blood were collected in hepa rinized tubes, from which 10 f.Ll aliquots were transferred to scintillation vials.
Animals were decapitated after 45 s of infusion. The skull was opened, and the brain was removed and placed on cold filter paper wetted with 0.9% NaCI. Large subarachnoidal and dural blood ves sels were removed and discarded. Brain regions were dissected out as described previously (Ohno et aI., 1979) and placed in tared scintillation vials that were immediately reweighed. The reproducibility of the dissection procedure has been published (Chiueh et aI., 1978) .
Scintillation vials that contained blood or brain samples received 1.5 ml of Soluene 350 (Packard Instruments Co., Downers Grove, Ill.), a tissue sol ubilizer, and were shaken for 6 h at 60°C. Fifteen milliliters of Dimilume 30 (Packard), a liquid scin tillation fluid, were added before counting of f3-radioactivity with a liquid scintillation counter. Counts per minute (cpm) were converted to disinte grations per minute (dpm), a measure of absolute radioactivity, by using external standardization and predetermined efficiency curves.
Mathematical Analysis of Data
Rising arterial whole blood concentrations of [14Cliodoantipyrine, C blood dpm ml-1, measured during intravenous infusion were plotted against time and were fit by a nonlinear least-squares pro cedure with the following equation (Knott and Shrager, 1972; Ohno et aI., 1979) :
(1) Here, A, B, D, R, and S are constants, and A + B + D = 0 because Chlood = 0 at t = 0 (time when blood concentration starts to rise). The least-squares pro cedure provided best values for A, B, D, R, and Si n each experiment.
A transfer constant K can be defined as follows, where 'A is the steady-state, tissue:blood partition coefficient and m is a constant approximating 1:
K was obtained by least-squares fitting of the fol lowing equation to the brain concentration (excluding intravascular tracer), Chrain (T), at time T of decapitation,
Intravascular radioactivity was calculated from regional cerebral blood volumes and whole blood radioactivity at decapitation (Ohno et aI. , 1979) . K, which is the only unknown in Eq. 3, was used to provide a value of rCBF by Eq. 2, letting m = I and 'A = 0.8 for iodoantipyrine (Sakurada et aI. , 1978) .
RESULTS
Measured physiological variables in conscious rats were first analyzed according to whether animals had been anesthetized with sodium pen tobarbital or with ether, 6 h prior to the mea surements. Six hours after anesthesia, plasma levels of ether or pentobarbital should be between 3 and 6% of the respective initial levels (Onchi and Asao, 1961; Kato and Takanaka, 1968) . There were no statistically significant differences between the two groups (p > 0.05) with respect to base-line values of rCBF, arterial pH, Pa02, Paco2, heart rate, and arte rial blood pressure, as well as with respect to the effect of immobilization on these parameters. Therefore, the data from both pentobarbital-and ether-anesthetized rats were combined and analyzed as a whole. Table I presents mean values of arterial blood pH, Paco� and Pao�, and mean arterial blood pres sure and heart rate in control animals and in animals subjected to immobilization for either 5 or 15 min. Stress-induced hyperventilation elevated Pao� (p < 0.05 at 5 min) and reduced Paco2 (p < 0.05 at 5 and 15 min). Despite the blowing off of CO2, there was a net metabolic acidosis, due probably to lactic acid accumulation from excessive muscle activity when the rats struggled and from epinephrine-induced glycogenolysis (Goodale and Hackel, 1949; Ward and Call, 1949; Goodman and Gilman, 1970) . Im mobilization stress increased heart rate to one-third above control (p < 0.05 at 5 and 15 min) but did not significantly affect mean arterial blood pressure at either 5 or 15 min. Table 2 summarizes the effects of 5 and 15 min of immobilization on rCBF in each of 14 brain regions. The mean value for the 14 regions in control rats was 95.4 ml 100 g-I min-I. Five minutes of immobi lization stress caused rCBF to decline by an average of 14.3% in these 14 regions, and in 7 regions the de cline was statistically significant (p < 0.05). At the cerebellum, midbrain, and occipital lobe, rCBF fell by more than 20%. rCBF increased only at the frontal lobe, although not significantly (p > 0.05). Fifteen minutes of immobilization also produced a general reduction in rCBF, averaging 11.9% (Table  2) . Statistically significant changes occurred less Mean arterial blood pressure (mm Hg) 127 ± 2 122 ± 5 128 ± 5 Heart rate (beats min-I ) 333 ± II 452 ± 6" 416 ± 31" " Differs significantly from control value (p < 0.05); analysis of differences by one-way analysis of variance and Bonferroni I-statistic for mUltiple group comparison (Miller. 1966 ).
Mean ± SEM are presented for the number of animals given in parentheses. frequently than after 5 min of stress and were noted only in the hippocampus and thalamus + hypothalamus.
Of all the factors that are known to affect rCBF directly, metabolism and P aC02 are the most potent (Purves, 1972) . In N20-anesthetized rats, when PaC02 equals 40 mm Hg or less, the slope of the relation between CBF and Paco2 ranges from 1.5 to 4.9 ml 100 g-I min-' mm Hg-', depending on the study (Eklof et aI., 1973; Gjedde et aI., 1975; Mat sumoto et aI., 1975; Hernandez et aI., 1978) .
Because immobilization stress initiated hyper ventilation and a loss of CO2 (Table 1) , we thought it useful to determine the quantitative relation be tween rCBF and Paco2 in control and immobilized animals. rCBF was therefore plotted against Paco2 at each of the 14 brain regions that were examined, and the data were subjected to regression analysis. The relation between rCBF and arterial pH also was analyzed at each brain region. Figures 1 and 2 give the empirical relation be tween rCBF and Paco2 at the medulla and thalamus + hypothalamus regions, respectively. The data were fit by linear least-squares to the following equation (Dixon and Massey, 1957) , where m is the regression slope and b the intercept at Paco2 = 0;
The regression slope of rCBF on PaC02 is 1.62 ml 100 g-I min-' mm Hg-' at the medulla and 1.63 ml 100 g-l min-1 mm Hg-l at the thalamus + hypothal amus regions. Table 3 gives the regression � lope m (Eq. 4) at each of the individual brain regIOns, as well as the coefficient of correlation r between rCBF and Paco2• The regression slope between rCBF and Paco2 ranged from -0.09 mll00 g-I min-I mm Hg-l at the frontal lobe (the only region in which there was a tendency for rCBF to increase) to 1.70 ml 100 g-I min-' mm Hg-l at the caudate nucleus (Table 3) . The slope was statistically significant (p < 0.05), as was the correlation coefficient r, in 9 of the 14 regions that were examined, and averaged 1.5 ml 100 g-l min-1 mm Hg-' in these 9 regions. The value of r 2 at the hippocampus, pons, medulla, and midbrain indicates that, at least in these regions, the change in Paco2 during immobilization accounted for 26-45% of the variance of rCBF. " Differs significantly from 0 (p < 0.05) (Dixon and Massey, 1957) .
m values presented are means ± SEM.
Kyoto strain, decreases rCBF in most brain re gions. After 5 min of immobilization, rCBF falls by an average of 14.3% at 14 brain regions. After 15 min, rCBF falls by an average of 11.9% at these same regions. The fall in rCBF is statistically sig nificant in 7 of 14 regions following 5 min of im mobilization, and in 2 of 14 regions following 15 min of immobilization. The decline in rCBF can be ascribed entirely to the hyperventilation-induced reduction in PaC02' For example, in N20-anesthetized rats, a decrease in P aC02 below a control level of 35 or 40 mm Hg is reported to reduce CBF by 1.5 ml 100 g-l min-1 (Eklof et al., 1973) , by 2.3 mll00 g-l min-1 (Gjedde et al., 1975) , by 2.6 ml 100 g-l min-1 (Matsumoto et al., 1975) , or by 4.9 ml 100 g-l min-1 (Hernandez et al., 1978) . The lower values approximate the upper limit of the slope in the present studies, i.e., 1.7 ml 100 g-l min-1 mm Hg-1 at the caudate nucleus, but the highest reported values exceed this limit by threefold. If they are applicable, then the results which indicate that rCBF falls in immobilized rats because of a decline in Paco2 also suggest that rCBF might increase were normocapnia maintained.
A maximum value for this increase can be calcu lated from the data in Table 1 . Five minutes of im mobilization reduces Paco2 by a mean of 6.6 mm Hg, whereas 15 min reduces PaC02 by 4 mm Hg. Were the slope relating rCBF to Paco2 as high as 4.9 ml 100 g-l min-1 mm Hg-1 (Hernandez et aI., 1978) , hypocapnia would cause rCBF to decline at 5 min by 32 ml 100 g-l min-1 and at 15 min by 16 ml J Cereb Blood Flow Metabol, Vol. I, No. 2. 1981 100 g-l min-I, as compared to mean declines of about 13 and 12 ml 100 g-l min-I, respectively (Table 2) . Thus, were the animals to remain normo capnic, rCBF might increase by as much as 19 ml 100 g-l min-I during immobilization stress. This value represents a 20% increase above a resting base-line flow of 95 ml 100 g-l min-1 (Table 2) and agrees with a 20% flow increase in man in response to epinephrine infusion (King et aI., 1952; Sokoloff, 1959) . The calculated maximum increase is, how ever, far less than the 140-220% increase reported in normocapnic, paralyzed, unanesthetized, and artificially ventilated rats (Carlsson et aI., 1975 (Carlsson et aI., , 1977 .
The dramatically higher measured CBF in artifi cially ventilated rats may have been due to exces sive pain, caused by an indwelling tracheal cannula and a burr hole in the skull. In man, pain can in crease frontal lobe rCBF (lngvar et aI., 1976) . It is possible also that the higher flows were due to hypertension and forced dilatation and damage to the cerebral vasculature, with consequent stimula tion of cerebral metabolism, possibly by circulating catecholamines (Rapoport, 1976; Edvinsson and MacKenzie, 1977; Edvinsson et aI., 1978; Abdul Rahman et aI., 1979; Dahlgren et aI., 1980; Rapoport et aI., 1980) . Systemic arterial pressures of 152-169 mm Hg are reported in the artificially ventilated animals (Carlsson et aI., 1975 (Carlsson et aI., , 1977 , whereas pressures of 122-128 mm Hg occur during immobilization at 5 -15 min in the present experi ments, in agreement with a previous report (Chiueh and Kopin, 1978) . The lack of a pressure rise proba bly reflects peripheral vasodilation by circulating catecholamines.
Of the brain regions examined, the frontal lobe is the only one in which rCBF tends to increase, al though insignificantly, during immobilization stress (Tables 2 and 3 ). This tendency may reflect specific frontal lobe activation by pain (via the dorsomedial nucleus of the thalamus), by excitation of the au tonomic nervous system, or by stimulation of pri mary and supplementary motor areas of the frontal cortex (Clark, 1932; Pick, 1970) . In man, for exam ple, pain is reported to increase frontal lobe CBF (lngvar et aI., 1976) .
Control rats in these experiments are partially re strained in a plaster cast, but they drink freely and appear comfortable. In a plaster cast, resting values for rCBF (Table 2 ) and for the local cerebral glucose utilization (another measure of cerebral oxidative metabolism) approximate respective values in sup posedly unstressed N20-anesthetized rats (Eklof et aI., 1973; Gjedde et aI., 1975; Matsumoto et aI., 1975; Ingvar et aI., 1980) . Nevertheless, it is likely that the control rats are somewhat stressed, as even minimal restraint can induce catecholamine release and elevate heart rate (Chiueh and Kopin, 1978) . Indeed, whereas the control heart rate equals 333 ± 11 (SEM) beats min-1 (Table 1) , a rate of 279 ± 10 beats min-1 is reported in freely running rats of the same strain and age (Chiueh and Kopin, 1978) .
